Although thermochronology cannot directly constrain paleoelevation, it can provide estimates of the form, location, and scale of paleotopographic relief, i.e., paleotopography, and its change through time. Unique thermochronologic perspectives on paleotopography come from 1) spatial patterns of surface and subsurface cooling ages or cooling histories that refl ect either the infl uence of topography on subsurface isotherm warping, or spatially focused erosion (including incision), and 2) the age-elevation relationship in paleolandscapes that may be preserved in detrital cooling age distributions. This chapter reviews the fundamental theory and results of these approaches and several example applications. Case studies show examples of both decreasing and increasing topographic relief through time, at the orogen scale and across short ridge-valley wavelengths, and signifi cant modifi cation of local topographic features in glaciated and fl uvial settings. In some cases, thermochronologic evidence for fl uvial incision at short wavelengths has also been argued to be the result of surface uplift at very long wavelengths.
INTRODUCTION
Continental topography links to some of the most fundamental questions about earth processes and history. Some modern topographic features, such as the Altiplano, Himalaya, or Tarim basin are among the most striking physical features on the planet and seem to suggest that profound insight into planetary dynamics resides in understanding their history through time and the processes that created them. Topography is also central to interactions between a wide range of phenomena, including mantle circulation (e.g., Cazenave et al. 1989; Forte et al. 1993; Ducea and Saleeby 1996) , ocean chemical evolution (e.g., Raymo et al. 1988) , biota and biotic evolution (e.g., Huey and Ward 2005; Dietrich and Perron 2006) , and weather and climate on both local and global scales (e.g., Ruddiman and Kutzbach 1989; Molnar and England 1990; Montgomery et al. 2001; Roe et al. 2006; Smith 2006) . The ability to reconstruct paleotopography would lead to improved understanding of all these phenomena and their interactions. As work in the last decade or so suggests, however, reconstructing paleotopography is one of the most diffi cult challenges facing Earth science. Nevertheless, tantalizing advances in the last few years, as discussed in this volume, have encouraged signifi cant progress and innovation, making this one of the zeitgeists, if not holy grails, of modern Earth science.
Reiners
Most of the progress in reconstructing paleotopography or paleoelevation thus far, and all of the chapters in this volume, focus on features either above or within about 3 meters of the Earth's surface. Low-temperature thermochronology, in contrast, contains information about the movement of rocks through the shallow part of the earth's crust, within a few kilometers of its interface with air or water. As this chapter shows, this information can be used to interpret variations in the form, location, and scale of relief at the surface of the earth's crust in the past.
For the purposes of this chapter, I take these characteristics-the form, location, and scale of topographic relief in the past-as the principal attributes of paleotopography. This is more information than simply paleorelief, which does not specify form, location, or scale of elevation differences in a landscape. But, at least as I defi ne it here, paleotopography does not include paleoelevation-the absolute height (relative to sea level or some other supposedly relatively fi xed reference) of a point on the earth's surface in the past. This is because thermochronology is concerned with movement of rocks relative to the earth's surface, which is a moving boundary relative to sea level, etc. Although currently paleotopography alone is enough of a challenge for any technique, at least with useful precision and accuracy, supporting information and inferences can be combined with thermochronology to indirectly constrain paleoelevation. Even for paleotopographic reconstructions, however, important assumptions must be made and caveats recognized for thermochronologic approaches. As always, the most rigorous, compelling, and ultimately useful paleotopographic reconstructions will come from combining approaches, such as the ones in this volume. Much fun will also be had (and hopefully insights achieved), by attempting to reconcile confl icting estimates from different approaches.
Thermochronology
Thermochronology begins with the measurement of ratios of isotopes, elements, or nuclear tracks that compose a parent-daughter radioisotopic decay system. These ratios refl ect the thermal history of the sample in which they were measured. In commonly used low-temperature thermochronologic systems this is because retention of the radiogenic (daughter) product, which "keeps time," varies inversely with temperature. A simple example is a bulk crystal parentdaughter ratio, which relates to age through a decay equation. This age can be interpreted as the time elapsed since the crystal cooled below a critical temperature at which daughter retention switched from nearly nil, due to diffusive or annealing loss, to essentially complete, due to lack of thermal energy to drive diffusion or annealing. This hypothetical temperature can be thought of as the closure temperature (Dodson 1973) , though in reality both the concept of closure and the mechanics of the increasing retentivity with decreasing temperature are more complicated. In slightly more sophisticated applications, thermochronology involves measurement of a series of parent-daughter ratios and their inferred or observed distribution within a sample. This distribution refl ects something more complex and potentially powerful about the thermal history of the sample, and can be modeled as a fi nite time-temperature path, rather than a specifi c point in a monotonic cooling history. Examples of the former approach are bulk crystal dating by fi ssion-track, K/Ar or low-temperature thermochronology, including techniques and interpretations relevant to this chapter, the reader is directed to Reiners and Ehlers (2005) and references therein.
Erosion and paleotopography
Because thermochronology is very often used to infer spatial or temporal patterns of erosion rates (e.g., Reiners and Brandon 2006) , a reasonable question is whether there are general relationships between erosion rate and either elevation or relief. Many tectonically active, high mountain ranges erode rapidly, exhuming rocks with extremely high cooling rates and young ages (e.g., Catlos et al. 2001; Lavé and Avouac 2001; Dadson et al. 2003; Kohn et al 2004; Thiede et al. 2004; Blythe et al. 2007) . But other, often aerially extensive, regions with high elevation, such as the Tibetan plateau and Altiplano-Puna, erode extremely slowly (e.g., Kirby et al. 2002; . Many parts of these plateaux are actually subsiding relative to adjacent highlands, resulting in burial by sediments and heating rather than cooling of subjacent rocks. Likewise, large variations in erosion rates of relatively low-elevation areas also exist (e.g., von Blackenburg 2006, and references therein).
If erosion does not simply relate to surface elevation, does it relate to topographic relief? (Here we follow the usage of Montgomery and Brandon (2002) and others in defi ning relief as an elevation difference over a specifi ed lengthscale; e.g., mean local relief is often measured over a radial distance of 10 km). In general higher slopes lead to higher transport capacity and at least the potential for higher erosion rates. In tectonically active or geomorphically transient landscapes, there are correlations between local slope (or mean local relief) and erosion rate at relatively low slope (Riebe et al. 2000; Montgomery and Brandon 2002; von Blackenburg 2006) . But in tectonically active regions with high relief (~1-2 km), erosion rates vary tremendously (e.g., 0.2 to 10 mm/yr), representing variations in rock uplift rate, climate, and rock strength (Montgomery and Brandon 2002) . In tectonically inactive landscapes, over very large scales (such as orogen to orogen) relief and erosion rates are linearly correlated (Ahnert 1970; Montgomery and Brandon 2002 ), but at low mean local relief (<~0.5 km) there is much scatter in this correlation and large differences from region to region (von Blackenburg 2006) . In the dataset used by Montgomery and Brandon (2002) , for example, inactive orogens with mean local relief of about 0.3-0.4 km have erosion rates ranging from about 0.02 to 0.2 mm/yr. At regional scales, tectonically inactive landscapes may show no relationship between local slope and erosion, because landscapes approach steady-state in which erosion rates are constant across a range of slopes (Riebe et al. 2000) .
The Sierra Nevada provide an example of the perils of relating erosion rates to relief. They are thought to have persisted since 60-80 Ma with high (1.5 km) relief over long wavelengths (~50 km), but erosion rates over these timescales are estimated to have been only 0.03-0.08 mm/yr (House et al. 1997 (House et al. , 2001 . Incision rates may have been higher (~0.2 mm/yr) in the Pliocene (Stock et al. 2004) , possibly aided by convective instability at depth (e.g., Ducea and Saleeby 1996) , but this is still slow relative to erosion rates in many other tectonically active and inactive regions, and similar to some with much lower relief (e.g., Heffern et al. 2007 ).
Thus for practical use in reconstructing paleotopography, estimated erosion rates in the past do not provide very good constraints on either mean local relief or surface elevation. This is both because of potential uncertainties in whether a landscape was tectonically active, and because of wide ranges in erosion rate at a given index of local relief.
Cooling-age or cooling-history variations and paleotopography
Thermochronologic constraints on paleotopography generally come not from erosion rates, but from variations in cooling-ages or cooling-histories across a landscape, or proxies for them, in detrital cases. The simplest and most commonly noted type of spatial variation in cooling ages is the increase in age with elevation often seen over relatively short horizontal Reiners distances (i.e., the age-elevation relationship, or AER). An AER is expected to have a positive slope when erosion rates and rock uplift rates beneath it are uniform, and the horizontal distance between the samples is small or comparable to: 1) the vertical distance over which the samples were collected (as in high amplitude, low wavelength topography), and 2) the closure depth of the thermochronometer. In such cases, the closure isotherm at depth is suffi ciently fl at relative to the topography above it, so the slope of the AER is the erosion rate.
For elucidating paleotopography, however, it is more useful to consider cooling age variations over horizontal distances that are comparable to or larger than closure depths. Over these lengthscales, the AER is a convolution of both erosion rate and topography, and their changes with time. This is because subsurface isotherms, including closure isotherms of lowtemperature thermochronometers, are bent by topography. The thermochronologic legacy of paleotopography may be present not only in spatial variations of bulk cooling ages, but also in variations of bedrock cooling histories, for example from 4 He/ 3 He, track length models, mineral pairs, or crystal-size-age correlations. Finally, in some cases, cooling ages of detrital minerals from paleolandscapes can also be used to estimate paleotopographic relief.
As discussed earlier, paleotopography is not the same thing as paleoelevation. It is worrisome, for example, that the bathymetric relief of, say, the modern Monterey Canyon off California, could be interpreted as high subaerial paleoelevation and paleorelief by geologists of the future, were it moved relative to sea level and its sediments and sedimentary rocks stripped away. However, in many cases, it may be either reasonable to assume subaerial exposure of the landscape, or to reference a particular point in the paleolandscape to sea level, providing a minimum surface elevation for parts of it. Thus, as usual, paleotopographic relief estimates from thermochronology are probably best interpreted with the aid of additional geologic information.
Having outlined the rules of the thermochronologic paleotopography game, most of the rest of this chapter is organized around two main types of approaches: bedrock and detrital. The bedrock approaches include studies of regional variations in surfi cial cooling ages and/ or histories, and studies from subsurface tunnel samples. The detrital approach involves the (potential) use of cooling age distributions in detritus from ancient landscapes.
BEDROCK-BASED APPROACHES
Interpretation of paleotopography from spatial patterns of cooling ages at or near (in the case of tunnels) the surface, requires a general understanding of the interaction of topography with the shallow crustal thermal fi eld. This section begins with an outline of this, followed by several case studies and their interpretational foundations for understanding bedrock cooling-age and cooling-history variation in terms of paleotopography, including two examples from tunnel studies. Finally, I highlight important assumptions and caveats in all of these approaches.
Topographic bending of isotherms
Many studies have modeled topographic bending of subsurface isotherms and either discussed its importance for interpreting spatial patterns of cooling ages across landscapes or applied it in this way (Turcotte and Schubert 1982, 2002; Stüwe et al. 1994; Mancktelow and Grasemann 1997; House et al. 1998 House et al. , 2001 Stüwe and Hintermüller 2000; Ehlers et al. 2001; Braun 2002a,b; Ehlers and Farley 2003; Braun 2005; Ehlers 2005 ). I do not present the mathematics of the thermal models here, but note that Mancktelow and Grasemann (1997) provide a comprehensive treatment of the problem. Their work, and many others, present equations for temperature as a function of depth in a layer of prescribed thickness (with fi xed upper and lower temperature boundary conditions), heat capacity, density, internal heat production, and surface lapse rate, as well as horizontal distance beneath steady, periodic topography of a specifi ed wavelength and amplitude. Some of the models also account for steady advection of material and heat towards the surface via erosion. More sophisticated, usually numerical, models are required to account for transient erosion and three-dimensional topography (e.g., Braun 2005) .
A simplifi ed sketch of the steady-state, two-dimensional thermal fi eld beneath static topography illustrates critical points about topographic effects on cooling ages at the surface (Fig. 1) . Low temperature isotherms at shallow depths follow topography closely; higher temperature isotherms at greater depths are much less strongly warped by topography. This results in varying depths of the closure isotherm of low-temperature thermochronometers beneath topography, both affecting interpretations of erosion rates, and also posing the potential to extract paleotopographic information from cooling-age patterns. The magnitude of isotherm warping can be easily understood using the admittance ratio α, (Braun 2002a) , which is the amplitude of an isotherm beneath surface topography of wavelength λ 1 , relative to the amplitude of the topography h 0 . The admittance ratio is only weakly sensitive to topographic amplitude, and instead depends mostly on the wavelength of the topography and the temperature of the isotherm. This is summarized in Figure 2 , which shows α as a function of isotherm temperature and topographic wavelength for a particular set of model parameters. Note that α never approaches unity in this example, even for extremely large topographic wavelengths, because the surface lapse rate causes lower temperatures at higher elevations.
In interpreting cooling ages across a landscape, the most relevant isotherm is that of the thermochronometer's closure temperature. Figure 2 shows that the 60 °C isotherm, a typical T c for the apatite (U-Th)/He system in a slowly eroding landscape, will be defl ected to about 45% Figure 1 . Cross-sectional cartoon of isotherm distribution under two-dimensional topography. Relatively low-temperature isotherms that are close to the surface follow topography more closely than higher temperature isotherms at greater depth. In this example there are two dominant wavelengths of topography, λ 1 , the long wavelength, and a superimposed one, about twelve times shorter. T c is the closure isotherm, h 0 is the amplitude of the long-wavelength topography, λ c is the critical wavelength for this hypothetical thermochronometer, and λ is the wavelength over which samples are collected. Samples collected over the long wavelengths (λ >> λ c ) show little or no age-elevation relationship, because the closure isotherm follows the long wavelength topography closely. Samples collected over the short wavelength topography (λ << λ c ) show a positive age-elevation relationship because the closure isotherm is nearly fl at over this wavelength. See Braun (2002a Braun ( , 2005 for details.
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of the topographic amplitude, for a topographic wavelength of 20 km. In contrast, the 100 °C isotherm, close to the T c for the apatite fi ssion-track system in a slowly eroding setting, will only be defl ected by about 25%, and the 30 °C isotherm, to which the 4 He/ 3
He method is sensitive in some cases, is defl ected by about 70%, close to the maximum allowed by the surface lapse rate (~80%). This shows that, in general, the lowest temperature thermochronometers will be the most sensitive paleotopography. Figure 2 also shows the importance of topographic wavelength. Whereas 20-km wavelength topography will typically bend the bulk grain apatite He closure isotherm by about 45%, 2-3 km wavelength topography will have essentially no effect, and topography with wavelengths >50 km will bend the isotherm to nearly the maximum amount allowed by the lapse rate and topographic amplitude.
The sensitivity of a thermochronometer to topography of a given wavelength can be represented by Braun's (2002a; critical topographic wavelength, which is the ratio of the thermochronometer's closure temperature to the mean geothermal gradient beneath the landscape (λ c = T c × dZ/dT). λ c for the apatite He system is approximately 2-3 km. As shown in Figure 1 , if samples are collected at a range of elevations across topography with a wavelength Figure 1 (here, λ 1 of the long-wavelength topography is close to λ c , whereas in Figure 1 , λ 1 was signifi cantly larger than λ c . B. The difference between Z v and Z r , normalized to the amplitude of the topography at this wavelength, is the admittance ratio, α-the amplitude of the closure isotherm relative to that of topography. Longer wavelength topography and higher temperature isotherms have higher α. See text for details. After Reiners et al. (2003a) , but the 30 and 40 °C isotherm admittance ratios have been added, because new 4 He/ much less than this (λ << λ c ), there is essentially no bending of the closure isotherm at depth, and the age-elevation relationship (AER) among the samples refl ects the erosion rate (elevation difference divided by age difference). In contrast, if samples are collected at a range of elevations across topography with a wavelength much greater than the critical wavelength (λ >> λ c ), they will show no age difference (or a difference that is only proportional to the lapse rate), because the closure isotherm follows the topography closely. These statements hold true only if there has been no change in topography between the time the samples cooled through their closure isotherms and emerged at the surface.
The House et al. (1998, 2001) Sierra Nevada studies
One of the earliest, if not the fi rst, application of these principles to detecting paleotopography was the work of House et al. (1998 House et al. ( , 2001 in the Sierra Nevada of California. The essence of the strategy is outlined in Figure 3 . House et al. measured apatite (U-Th)/He ages in samples from two parallel transects along orogenic strike of the northwest-southeast trending part of the central-southern Sierra Nevada range (Fig. 4) . Both transects crossed several major, orogen-normal canyons, including those of the San Joaquin and Kings rivers, that create longwavelength topography at a scale of about 50 km. House et al. aimed to collect samples at similar elevations across this topography by exploiting superimposed short-wavelength relief (and collecting out of the trace of the main transect to some degree). Apatite He age variations among these samples were assumed to arise from two sources: 1) elevation differences across short topographic wavelengths, caused by a regional age-elevation relationship refl ecting the mean erosion rate, and 2) position relative to long wavelength topography, refl ecting varying depths of the apatite He closure isotherm beneath the long-wavelength ridge-canyon topography. By considering age-elevation relationships over short wavelengths (House et al. 1997 ), House et al. corrected each age to a constant elevation in the transect to remove the effects of varying sample elevations. Corrections were also made for large-scale tilting of the range (House et al. 2001 ).
The pattern of ages in House et al.'s western transect shows a distinct anti-correlation with surface elevation across the major long-wavelength topography, especially in the southern portion of the range (Fig. 4) . This was attributed to depth variation of the closure isotherm of the apatite He system at the time these samples were exhumed through it, roughly 60-80 Ma. The Figure 3 . The essence of the House et al. (1998; 2001) approach to detecting paleotopographic relief in the Sierra Nevada. Very short wavelength topography superimposed on long wavelength (λ) topography with amplitude h 0 is used to sample at similar elevations in major valleys and interfl uves in an orogenparallel transect. If the regional erosion rate ε is uniform, ages of valley samples will be older than those of interfl uve samples, in proportion to the difference in closure isotherm depths beneath each location
Reiners w e s t e r n t r a v e r s e e a s t e r n t r a v e r s e western traverse House et al. (1998 House et al. ( , 2001 simplest explanation for this is that the modern valleys are in approximately the same positions as they were at 60-80 Ma. The calculated relief in these paleovalleys necessary to cause these age differences at the erosion rates indicated by the short-wavelength age-elevation relationships (0.04-0.05 mm/yr) was estimated at 1.5 ± 0.5 km, higher than modern relief. Given other assumptions about the distribution of long and short-wavelength relief in the Sierra and by analogy with orogenic plateaux in other locations, House et al. inferred a late Cretaceous mean elevation for the Sierra Nevada of about 3 km. The eastern of the two transects did not show the same distribution of elevation-corrected ages with respect to long-wavelength topography (Fig. 4) . From this House et al. inferred that it lay in a less deeply dissected portion of the orogenic plateau.
Aside from illustrating a thermochronologic approach to paleotopographic reconstruction, the House et al. results have spurred vigorous debate about the paleoelevation of the Sierra Nevada. House et al. noted that paleobotanical data were consistent with high elevations in the Early Cenozoic (Forest et al. 1995; Gregory-Wodzicki 1997; Wolfe et al. 1997 Wolfe et al. , 1998 . Stable isotope compositions of soils east of the Sierra also suggest a major rain shadow there since at least the Middle Miocene (Poage and Chamberlain 2002) , and hydrogen isotope records in Eocene sediments on the west fl ank of the range also indicate topography and surface elevations much like today's (Mulch et al. 2006) . Nevertheless, other researchers point to various geologic lines of evidence for middle or late Cenozoic uplift (Huber 1981; Unruh 1991; Wakabayashi and Sawyer 2001; Stock et al. 2004 ). An additional question is how erosion rates as low as 0.04-0.05 mm/yr could have been maintained since the late Cretaceous if relief and elevation were as high or higher than today's.
Spectral approaches
As mentioned above, the expectation that AERs collected over short wavelength topography refl ect the regional erosion rate, whereas AERs collected over long wavelength topography yield no age variations (Fig. 1) , only holds true for steady topography. Deviations of observed spatial cooling age patterns from this expectation provide a measure of relief change in the landscape (Braun 2002a (Braun ,b, 2005 . For example, decreasing relief (i.e., resulting from locally higher erosion rate at high elevations), yields younger ages at high elevation (Fig. 5) . At the shortest possible topographic wavelength, AERs still record the mean regional erosion rate, but at wavelengths approaching the critical wavelength, AERs will have slopes steeper than the actual erosion rate, and at long wavelengths, AERs will have negative slopes. Conversely, increasing relief (i.e., locally higher erosion rates at low elevations), yields younger ages at low elevation. At the shortest possible topographic wavelength, AERs still record the mean regional erosion rate, but at wavelengths approaching critical, AERs will have shallower slopes than the actual erosion rate, and at long wavelengths AERs will have positive slopes (Braun 2002b ).
Spatial variations in erosion rate that result in topographic relief changes will therefore be preserved in AERs. Specifi cally, AERs over different topographic wavelengths contain information about relief change at various wavelengths, as well as the mean erosion rate over the whole landscape. These principles have been formalized in the context of landscape evolution by Braun (2002a Braun ( ,b, 2005 as the "spectral method," in which the relationship between age and elevation, called the gain function G, is defi ned over a continuous threedimensional spectrum of topographic wavelengths ω. As described above, the AER at the shortest wavelength refl ects the mean erosion rate. As formalized by Braun, the gain function at the shortest wavelengths (G S ) is the reciprocal of erosion rate. If relief has not changed, the gain function at long wavelengths (relative to the critical wavelength) (G L ) is zero, as there is no relationship between age and elevation. But as described above and shown in Figure 5 , if relief has decreased, ages at high elevation will be younger than those at low elevation, so G L is negative. If relief has increased, ages at high elevation will be older than those at low elevation, so G L is positive. Braun (2002a Braun ( , 2005 showed that relief change is β = 1/(1−G L /G S ). Figure 6 shows the spectral method (from Braun 2002a) applied to both synthetic data associated with real topography from the southern Alps of New Zealand, and real data with real topography from House et al.'s (1998) Sierra Nevada study. In the synthetic data example, the inverse of the prescribed erosion rate is recovered for the gain function at the shortest wavelengths. At long wavelengths, the gain function is either positive or negative for a factor of two increased or decreased relief, respectively. Although the geographic sample distribution in the House et al. (1998) study is not well suited to the spectral method, several fi rst order results emerge from this analysis. First, the ~0.04-mm/yr erosion rate found by House et al. in the Sierra Nevada is consistent with the inverse of the gain function at short wavelengths (Fig. 6) , though there is a large degree of scatter due to few data collected over short wavelengths. Second the gain function at long wavelengths is a large negative number, implying decreased relief. Combined with the short wavelength data, this analysis suggests an approximate relief decrease of about a factor of two since the mean age of the samples (~60-80 Ma). This is consistent with House et al.'s (1998 House et al.'s ( , 2001 ) interpretations of Late Cretaceous relief greater than modern.
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The effi ciency and accuracy of the spectral method requires sampling a suffi cient number and density of samples over appropriate lengthscales and elevation ranges. Braun (2002a) estimated that the optimum sampling interval for this method is about fi ve times smaller than the critical topographic wavelength (ω c ) of the thermochronometer being used, and the optimum lengthscale of the sampling area is about fi ve times larger than ω c .
In general, the spectral approach is most sensitive to the most recent relief changes and those occurring over the longest topographic wavelength. Important assumptions are also required. Among these are a steady and uniform (except as perturbed by topography) geothermal gradient, Fig. 1 ), and higher elevation samples are younger than lower elevation ones (compare the lengths of lines a and b, which represent the distance traveled by samples under low and high elevation portions of the landscape, respectively). Over short (λ << λ c ) wavelengths, the age-elevation relationship is steeper than predicted by the broad scale erosion rate. In D, the inverse of the gain function at short wavelengths is close to the 0.04 km/m.y. erosion rate inferred from short-wavelength AERs in the region (House et al. 1997 (House et al. , 1998 (House et al. , 2001 ), but at longer wavelengths, the gain function is negative, implying decreasing relief since the mean age of the samples (~60-80 Ma). See text and Braun et al. (2002a; for more details.
Reiners stationary landforms that may grow or shrink over time, and no horizontal advection of rock (which would result in a phase shift of the gain function) (Braun 2002a Braun and Robert (2005) included the effects of isostasy and fl exural rebound in a fully 3D model of the combined paleorelief, erosion, and isostatic rebound history of the postorogenic Dabie Shan of eastern China, using data from multiple thermochronometers (Reiners et al. 2003) . AERs in this orogen show positive slopes over short wavelengths, and negative slopes over longer wavelengths (older ages at lower elevations on the range fl anks). A simple spectral approach might interpret this as decreased relief of the range since the mean age of the samples. But incorporation of isostatic rebound shows that there is a trade-off in acceptable solutions to the observations between the long term relief change and elastic thickness of the rebounding crustal section-a greater reduction in relief has similar effects as a thinner elastic lithosphere. When combined with other model parameters in a fully coupled 3D model, however, this ambiguity is reduced, and a best-fi t solution to a six-parameter search yielded an elastic plate thickness of 9 km, a post-orogenic erosional decay phase of ~70 m.y. with an e-folding time scale of ~250 m.y., a basal temperature of ~650 °C, relief loss of ~2.5, and a mean exhumation rate of ~0.02 km/m.y (Braun 2005; Braun and Robert 2005) .
Other bedrock-based approaches to understanding topographic change
Several studies have used variations in 1) regional cooling ages, 2) intrasample crystal ages, or 3) intracrystalline ages to interpret topographic change through time, in particular incision or lateral shifts in high topography. Examples of several of these are described here. The apatite He ages ranged from ~1.5 to 8 Ma, but the youngest ages were in a region about 15-20 km to the southwest of the area with the highest modern mean elevation and highest peaks. Using three-dimensional thermokinematic modeling, this was interpreted as a result of a ~16-km northeastward shift in the position of the highest topography within the last 1.5-4.0 m.y., most likely due to intense glacial erosion towards the southwest.
Glacial modifi cation of topography in the Coast
The most compelling example of thermochronologic analysis of paleotopography thus far comes from Shuster et al.'s (2006) application of the 4 He/ 3 He method to a glacial valley in the same region studied by Ehlers et al. (2006) . This method relies on proton irradiation of apatite crystals to create a uniform 3 He distribution in each grain. Samples are then degassed by step-heating, and the intracrystalline 4 He distribution and diffusion kinetics are revealed by the evolution of the 4 He/ 3 He and fractional He yield through the degassing Farley 2003, 2005) . Accounting for complications from alpha ejection phenomena, samples that exhibit slowly changing 4 He/ 3 He during step heating indicate a high intracrystalline 4 He concentration gradient and protracted cooling through or residence in, the He partial retention zone. In contrast, little change in the 4 He/ An illustration of the power of this technique comes from samples in the 2-km deep, glacially carved, Kliniklini Valley in the B.C. Coast Mountains. 4 He/ 3 He step heating results from apatites in the bottom of the valley indicate very rapid cooling from about 80 °C to surface temperatures at 1.8 ± 0.2 Ma (Fig. 7) . Samples from higher elevations up the side of the valley also require rapid cooling at this time, but the magnitude of this cooling decreases systematically with elevation, with the sample at the top of the valley instead requiring only slow cooling between 6 and 1.8 Ma, and residence at the surfi cial temperatures by 1.8 Ma with no cooling thereafter. The simplest explanation for these collective results is that essentially the entire 2-km-deep valley was incised at 1.8 ± 0.2 Ma at a rate of about 1.8 mm/yr, about six times faster than rates prior to that time. These results demonstrate the power of glaciers to create high topographic relief in very short periods of time. It is also noteworthy that in this case the onset of localized incision was interpreted as a result of climate change, rather than long wavelength surface uplift, as argued for the fl uvial incision cases described later.
In another study from the same area, Densmore et al. (2007) found that bulk-grain apatite (U-Th)/He ages in subvertical transects in the Kliniklini Valley showed a break in the slope of the AER at ~6 Ma for the apatite He system. This is important because a simple interpretation of these data assuming spatially uniform regional erosion rates would likely invoke an increase in erosion rates at ~6 Ma. In reality, this break in slope in the AER is due to incision, not erosion over a wide area, and the incision occurred much more recently than the age implied by the break in slope, as valley widening and deepening exposed samples in the apatite He partial retention zone on the sides of the valley (Densmore et al. 2007 ). He evolution of step-heating experiments on proton-irradiated samples, and bulk grain (U-Th)/He dates. Samples from the valley bottom require rapid cooling, from 80 °C to surface temperatures, at 1.8 ± 0.2 Ma, and samples from higher elevations require thermal histories with progressively smaller extents of cooling (beginning at 1.8 Ma) with elevation. The highest sample (TEKI-23) was at surface temperature before the 1.8 Ma cooling event experienced by the other samples. Collectively, these data are interpreted to be the result of ~2 km incision at 1.8 Ma. After Shuster et al. (2005) .
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Taken together, these studies from the Coast Mountains leave little doubt that glacial erosion can rapidly reorganize topographic confi gurations, even in postorogenic landscapes, at a range of lengthscales, including incising 2-km deep valleys in less than 2 m.y., and causing ~10-20-km lateral shifts of the regionally highest parts of a mountain range.
Crystal-size-age correlations and incision of Southeast Greenland fjords. In ways analogous to track length modeling in the AFT system (e.g., Ketcham 2005) , and both interand intracrystalline cooling ages in the (U-Th)/Pb (e.g., Mezger et al. 1989; Grove and Harrison 1999; Hawkins and Bowring 1999; Schmitz and Bowring 2003; Schoene and Bowring 2006) and 40 Ar/
39
Ar systems (Wright et al. 1991; McDougall and Harrison 1999; Harrison et al. 2005) , variations in fractional He retentivity among apatite crystals in the same rock has the potential to constrain the range of possible cooling paths of rocks through low temperatures sensitive to overlying topography. Intercrystalline He retentivity variations that are understood to the degree that they can be used in this way arise from varying extents of radiation damage (Shuster et al. 2006; Flowers et al. 2007) or varying crystal size (Reiners and Farley 2001) . For example, apatite crystals from samples that cooled relatively quickly show no age-size correlations, whereas those from samples that cooled slowly and resided in a partial retention zone for long periods of time show age-size correlations over a wide range of ages.
An example of how this has been used to infer paleotopographic change comes from apatite He and fi ssion-track data from the fjords of southeast Greenland (Hansen and Reiners 2006) . With increasing elevation from 0.6 to 2.1 km above sea level, AFT ages increase from 64 to 836 Ma and average apatite He ages increase from about 55 to 230 Ma. High elevation samples with old ages show no correlation between crystal size and apatite He age, suggesting rapid cooling below their T c in the earliest Mesozoic. But two samples from lower elevation in the fjords show a wide range of ages, from about 100-170 Ma in one sample, and 20-100 Ma in the lowest one, and both samples show correlations between crystal age and size. These correlations require protracted cooling or residence in the He partial retention zone until at least 20 Ma and possibly much more recently. A relatively simple explanation for these data is that rapid cooling in the earliest Mesozoic created a broad low-relief surface that was then incised by glaciers in the late Cenozoic, producing the fjords and the modern topography (Hansen and Reiners 2006) .
Fluvial incision on orogenic plateaux fl anks. Low-temperature thermochronologic studies of major river gorges in Eastern Tibet and the western Andes have also been used to interpret the timing and rates of rapid fl uvial incision on the fl anks of large orogenic plateaux, and by inference, the timing and rates of plateau uplift. Kirby et al. (2002) used multiple thermochronometers to model the cooling histories of samples near the edge and in the interior of the Tibetan plateau. They noted that samples near the southeast margin of the plateau experienced rapid cooling from roughly 200 °C to less than ~70 °C in the late Miocene (~5-12 Ma), whereas interior samples showed older ages for a given thermochronometer, and more gradual cooling histories. To the south of Kirby et al.'s (2002) study area, compared apatite He ages to their depths in fl uvial valleys below the local plateau surface. The resulting composite AERs show a break in slope in the late Miocene (9-13 Ma) consistent with rapid incision in rivers throughout the region. Meanwhile, along the fl anks of the planet's second largest subaerial orogenic plateau (the Altiplano-Puna) in the Peruvian Andes, Schildgen et al. (2007) interpreted apatite He ages collected along strike of a major river canyon as evidence for onset of ~2.4 km of rapid incision beginning at ~9 Ma.
All three of these studies used thermochronologic data to interpret the timing and rates of fl uvial incision and development of major canyon topography (interestingly, at roughly the same time). However, they are also important because all three interpreted the incision as resulting from surface uplift of the plateaux surrounding the canyons in the late Mioceneearly Pliocene. Thus these studies provide examples of paleotopographic inferences on two contrasting lengthscales: fl uvial valleys and orogenic plateaux surrounding them. It should probably be remembered, however, that although each study marshals compelling regional and geologic considerations to support the contemporaneity of, and direct geomorphic linkage between, regional uplift and incision, the role of climate change in initiating incision in preexisting high topography is diffi cult to rule out entirely (e.g., Molnar and England 1990) .
Tunnel studies. Long (~10-20 km) tunnels in mountainous regions provide opportunities to measure cooling ages in subsurface horizontal transects beneath high-relief topography. Differences between observed cooling age patterns and those predicted from the modern topography can then be used to infer paleotopographic features of the region along the length of the tunnel. Foeken et al. (2007) examined apatite FT and He ages through the Malta tunnel in the Austrian Alps. This 20-km tunnel was excavated under modern topography as much as ~1 km above it and through the core of the Hochalm-Ankogel Dome, a structural feature that, if projected into the air above the region, suggests the form of a dome with ~3-4-km amplitude and ~20-km wavelength (Fig. 8) . Foeken et al. (2007) addressed whether this structural dome bore a topographic manifestation of similar magnitude in the past. Their apatite He ages, summarized in Figure 8 along with other regional features, show a concave-up pattern resembling a mirror image of the inferred structural dome. These data were used to suggest dome formation and topographic expression until about 7-10 Ma, when the modern topography was created. Interestingly, these data also suggest relatively minimal modifi cation of the topography by PlioPleistocene glaciation. Figure 8 . Cross-sectional view (A), and apatite FT and He ages (B) from the Malta tunnel, Swiss Alps, after Foeken et al. (2007) . The dashed line in B represents the approximate topography that would be predicted from a structurally continuous dome through the region. In B, the black symbols are apatite FT ages, and the grey symbols are mean ages of multiple aliquots for each sample (open symbols). The apatite He ages show a broad concave-up pattern through the tunnel that bears little or no relationship to the modern topography, but is similar to a mirror image of the inferred structural dome. Modeling of these data indicated the larger-scale domal structure existed as late as 7-10 Ma (Foeken et al. 2007 ).
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At least one other tunnel also shows patterns of cooling ages requiring recent large changes in overlying topography. The Simplon tunnel, in the Italian-Swiss Alps underlies topography as much as 2.5 km above it. Pignalosa et al. (unpublished data; FT ages from Univ. of Bologna; He ages from Univ. of Arizona) showed that surfi cial apatite He ages from above the tunnel and subsurface apatite FT ages from within the tunnel are roughly similar, and show much older ages under the deepest points in the tunnel, the opposite of what would be expected from steady topography (Fig. 9) . In contrast, apatite He ages from the tunnel are oldest (~11 Ma) at the shallowest depth near the northern portal, decrease to ~3 Ma about 2-3 km from the portal, and are uniformly young (1-2 Ma) through the rest of the tunnel, even at the south portal, where the tunnel is only a few hundred meters below the surface. The only exception to this is ages as old as 3.3 Ma about 4.5 km from the south portal, precisely where channelized groundwater fl ow and anomalously low water temperatures were recorded (Fig. 9) (Maréchal and Perrochet 2001) . Taken as a whole, these data suggest spatially focused erosion (on a wavelength of at least 2-3 km), near the southern portal of the tunnel at sometime between about 4-7 Ma and ~2 Ma, and increased topographic relief, possibly by Quaternary glacial erosion. The data also suggest either relatively little erosion over the last ~10 m.y. near the point of modern highest topography and the northern portal, or else focused fl uid fl ow in these areas between about 2 and 10 Ma.
Caveats in interpreting spatial patterns of cooling ages and cooling histories
Rock uplift gradients. As the fl uid-fl ow example from the Simplon tunnel shows, and as noted earlier, other phenomena besides topographic changes may cause variations in cooling ages and cooling histories in landscapes. Setting aside for a moment the question of the shallow crustal thermal fi eld, gradients in rock uplift can also generate such spatial patterns. For example, systematic patterns of low-temperature thermochronometric cooling ages with and without clear relationships to modern topography have been found in many areas. Just a few of these are the Olympics (Brandon et al. 1998; Batt et al. 2001) , the Himalayan front (Wobus et al. 2003 Hodges et al. 2004 ), the Cascades (Reiners et al. 2003b ), the Apennines (Thomson et al. in prep) , and the Dabie Shan (Reiners et al. 2003a) . None of these studies invoked topographic change as an explanation for the spatial pattern of ages, although in some cases it cannot be ruled out. Instead, these studies interpreted age patterns as refl ecting spatial variation in timeaveraged erosion rates, without specifi cally implying accompanying topographic change. The reason for this is that spatial variations in erosion rates (as inferred from spatial variations in cooling ages or cooling histories) need not require topographic change, if rock uplift gradients are present. These gradients may exist either through isostatic rebound or strain partitioning (across folds, faults, plutons, or broad distributed uplift) that compensate for erosion to preserve topographic form, or act independently to modify it in ways unrelated to erosion.
Gradients in rock uplift as complications to paleotopographic interpretations can most likely be ignored if spatial patterns of cooling ages or cooling histories are observed over short lengthscales (10-20 km) in tectonically inactive settings. This is because over short lengthscales, fl exure prevents gradients in isostatic rebound, and in tectonically inactive settings, faults, folds, and magmatism are not active, preventing gradients in localized strain, as well as the potential for focused erosion and coupled strain partitioning. In this respect, interpretations of topographic change across deep valleys (such as in the Coast Mountains, Greenland, and the Sierra Nevada) are probably reliable. Nonetheless, it should be recognized that topography often bears some relationship to spatial patterns of kinematics in the crust beneath it, and faults or other features can accommodate uplift or subsidence across modern topographic features, creating cooling age variations that may otherwise be interpreted signs of the topography's youth or antiquity.
The thermal fi eld and fl uid fl ow. Finally, as with most thermochronologic interpretations, paleotopographic interpretations based on spatial patterns of cooling ages requires important assumptions about the shallow crustal thermal fi eld at the time of cooling through relevant isotherms. The expected relationships between topography on isotherms may be modifi ed by Reiners a number of factors, including variations in thermal properties, radiogenic heat production, magmatism, and, perhaps most importantly, groundwater fl ow.
Although the effects of fl uid fl ow on heat advection and the thermal fi eld in the shallow crust have received considerable attention (e.g., Smith and Chapman 1983; Forster and Smith 1989; Manga 1998 Manga , 2001 Manga and Kirschner 2004) , there are relatively few studies focusing on its potential importance in thermochronologic interpretations (e.g., Ehlers 2005; Dempster and Persano 2006; Whipp and Ehlers 2007) . Hot springs may be dramatic evidence of this issue, but they may also be restricted in space and time, and may localize thermal effects rather than produce pervasive landscape-scale thermal fi eld perturbations. In this respect, simple topographically driven groundwater fl ow and discharge to cold springs may have very important (and potentially insidious) effects on isotherm warping in areas of high topographic relief by advectively redistributing thermal power (e.g., Ehlers and Chapman 1999) . The general effect of topographically driven fl uid fl ow is to fl atten isotherms, as heat is captured from surrounding rock along its fl ow path and redistributed at low elevations in valleys as springs. This acts in opposition to, canceling out, or overwhelming, topographic warping of isotherms (Forster and Smith 1989) . Ehlers (2005) and Braun (pers comm) showed that for reasonable hydraulic conductivities, shallow fl uid fl ow can warp closure isotherms for the apatite He system suffi ciently so as to cancel out or invert the thermal fi eld underneath topographic relief as high as 2 km. For studies seeking to use spatial patterns of cooling ages and cooling histories to understand the history of either erosion rates or paleotopography, this is a serious challenge. In general, one thing that is needed to improve understanding of the effects of fl uid fl ow is studies from modern settings attempting to distinguish cooling-age spatial patterns from the expected effects of fl uid fl ow, modern topography, and paleotopography on subsurface isotherms.
DETRITAL APPROACHES
In 1996, Stock and Montgomery noted that the relationship between elevation and thermochronometric cooling age in landscapes leads to the potential to estimate paleorelief of ancient landscapes by using measured ages of paleodetritus as tracers of surfaces at particular elevations in their catchment prior to erosion. In essence, the range of cooling ages (Δt) for a given thermochronometric system in detritus from a landscape could, in combination with a constraint on the paleoerosion rate in the landscape (dZ/dt), be used as an estimate of the minimum range of elevations (dZ/dt × Δt ~ ΔZ), or paleorelief, of the landscape. This approach relies on a number of assumptions such as horizontality of the contours of equal age in the landscape ("chrontours"), purely vertical exhumation, and capturing a range of ages in the detritus that is suffi ciently representative of the full age (and elevation) range in the landscape.
The Stock and Montgomery (1996) approach formed the basis for several subsequent studies of modern detritus (Brewer et al. 2003; Ruhl and Hodges 2005; Stock et al. 2006; Huntington and Hodges 2006; Vermeesch 2007) . All of these studies are based on the fact that, as long as there is a unique relationship between age and elevation within a catchment and exhumation was purely vertical, the probability distribution of cooling ages in detritus from it represents three features of the catchment: a) the age-elevation relationship within it, b) the probability distribution of elevation within it (the hypsometry), and c) the spatial distribution of erosion (or, at least, erosional yield of the thermochronometric phase). Given a probability distribution of cooling ages from a suffi ciently large number of detrital grains, knowledge of any two of these features allows for solution of the third. For example, Stock et al. (2006) combined a cooling age distribution with knowledge of the age-elevation relationship from nearby bedrock subvertical transects and catchment hypsometry to estimate the relative spatial focusing of erosion within two small catchments on the east fl ank of the Sierra Nevada. Ruhl and Hodges (2005) used probability distributions of cooling ages combined with observed hypsometry and an assumption of spatially uniform erosion rates to derive an estimated erosion rate for the Nyadi catchment in the Nepal Himalaya of ~0.7 mm/yr from 11 to 2.5 Ma, and an increase in this rate after 2.5 Ma. Both Ruhl and Hodges (2005) and Brewer et al. (2003) noted that several Himalayan catchments had normalized cooling age probability distributions that were distinct from those of hypsometry in the same catchments. This requires either a variable slope of the AER (indicating a change in erosion rate at some time in the past) in the catchment, or spatially nonuniform erosion within it (or some other factor producing spatially variable yield of the thermochronometric phase, such as lithologic heterogeneity).
Detritus from a paleolandscape contains information on the paleorelief (in fact, the paleohypsometry), of its former catchment, through its probability distribution of cooling ages, provided the paleoerosion rate can be estimated, and some assumption about the spatial uniformity of erosion (and bedrock abundance of the thermochronometric mineral) can be made. The former could potentially be estimated from mineral-pair methods, such as using coupled apatite He and apatite FT ages from the same clast, or from AERs of bedrock samples that record the erosion rate through the time interval in question. In general, the latter constraint must be assumed, however. Figure 10 shows an example of this approach, using modern fl uvial sand from a catchment with known hypsometry and some constraints on the AER from bedrock data. The Icicle Creek catchment on the eastern fl ank of the Washington Cascades drains an area of about 540 km 2 and contains elevations from 360 to 2760 meters above sea level (2.4 km of modern relief). Most of the catchment is underlain by plutonic rocks of the Mt. Stuart batholith (presumably with a reasonably uniform modal abundance of apatite), and bedrock apatite He ages in the eastern part of the catchment range from about 18 to 45 Ma from about 500 to 2700 meters elevation, implying a mid Cenozoic erosion rate of about 0.08 mm/yr-approximately the same rate as determined from apatite FT-He age differences in single samples in the area (Reiners et al. 2002 (Reiners et al. , 2003b . The hypsometry of the plutonic portion of the catchment and the cumulative probability distribution of 57 single-grain apatite He ages are shown in Figure 10 . They are somewhat similar, and differences probably represent failure of the assumptions of spatially uniform erosion and lithology, or a nonunique AER in the catchment.
If these apatite He ages were from paleodetritus instead of modern river sand, they could be used to estimate paleorelief of its paleocatchment. First, the range of cooling ages is 35 m.y., or 29 m.y. if the four outlying grains with 9-11 Ma ages are excluded. Using the Stock and Montgomery approach, ΔZ = Δt × dZ/dt. An estimate for the last term of about 0.08 mm/ yr can be estimated from the age-elevation relationship or coupled AFT-apatite He ages of samples in the bedrock. This predicts a relief of approximately 2.4-2.8 km, which compares favorably with the observed relief of 2.4 km. Second, although it is not shown here, one could theoretically reconstruct the paleohypsometry of the catchment by scaling the cumulative probability distribution of cooling ages to the erosion rate estimated by bedrock or mineral pair constraints. Once again this assumes spatially uniform erosion and lithology, and a unique age-elevation relationship. The intent here is not to suggest that these assumptions are met, but simply to outline the potential use of paleodetritus in estimating paleorelief and paleohypsometry of paleocatchments.
Of course the paleodetrital approach to paleotopography carries with it many of the same assumptions and caveats as described above for bedrock approaches. A particular complication for these methods using apatite is the apparent diffi culty of fi nding suitable grains in detritus that has experienced signifi cant amounts of time near the surface and has been subject to corrosion, wildfi re and/or diagenesis (e.g., Reiners et al., in press). Another, more general issue arising from attempts to estimate paleorelief/hypsometry from paleodetritus using Reiners low-temperature thermochronometry comes from the uncertainty of the horizontal extent of paleocatchments. Chrontours (contours of equal age across a landscape) will only be suffi ciently fl at, resulting in a unique age-elevation relationship, if the wavelength of topographic relief in the catchment is suffi ciently small. For example, a very large catchment may contain a wide range of elevations, but if this topographic relief is expressed over a horizontal distance much greater than that of the critical wavelength of the thermochronometer, there may be little or no variation in cooling ages, because the closure isotherm lies at the same depth beneath the surface anywhere in the catchment. In effect, the distribution of cooling ages in paleodetritus refl ects best the topographic relief with wavelengths shorter than the critical wavelength. For example, apatite He cooling ages in paleodetritus most faithfully refl ect the <2-3-km-scale roughness of the paleolandscape, whereas relief at longer wavelengths will have a subdued expression in the detrital record. Estimating topographic relief at different wavelengths would require paleodetrital records using multiple thermochronometers. Reiners et al., in press) , with logarithmic x-axis, to prevent apparent overrepresentation of probability density at young ages. Subject to several assumptions and combined with a constraint on erosion rate, the simple range of ages seen here can be used to estimate relief in the catchment, as outlined by Stock and Montgomery (1996) . B. Cumulative probability of elevation in the Icicle Creek catchment (black solid line), and the apatite He ages shown in A (fi lled circles). Again subject to assumptions and an additional constraint on erosion rate, the cumulative probability curve of detrital ages could be used as a proxy for hypsometry of a catchment (see text for details).
SUMMARY
Spatial patterns of ages corresponding to cooling through low temperatures characteristic of the shallow crust can be used to infer paleotopography in several ways. Thermochronologic approaches to paleotopography require important assumptions, not the least of which is that the thermal fi eld in the shallow crust is affected mostly by topography and not by variations in advection by fl uids, heat production, or other factors. Also important for most approaches involving spatial variations of surfi cial bedrock cooling ages is that rock uplift beneath a landscape is uniform, an assumption that is probably most likely to be met over short wavelengths in tectonically inactive settings.
Some examples of paleotopographic constraints from thermochronology include the following. The antiquity and amplitude of long-wavelength topography can be estimated by dating samples collected across it at similar elevations, by exploiting superimposed short wavelength topography, as in the House et al. (1998 House et al. ( , 2001 ) studies. Changes in topographic relief at a variety of wavelengths over the timescale of the mean cooling ages can be estimated with spectral analysis of coupled AERs, as in the Braun (2002a Braun ( ,b, 2005 studies, and this can be combined with rock uplift variations as in the Braun and Robert (2005) Schildgen et al. (2007) . Similar approaches have also been taken with subsurface cooling ages from Alpine tunnels under high topography (e.g., Foeken et al. 2007 ; Pignalosa unpublished data), and these studies have interpreted major Late Cenozoic changes in overlying topography above the tunnels. Finally, although Stock and Montgomery (1996) proposed using ranges of detrital cooling ages to estimate paleotopographic relief of ancient landscapes, and variations on this approach have proliferated in modern settings, it has not yet been applied to real samples.
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